Endobronchial ultrasound (EBUS)-guided transbronchial needle aspiration (TBNA) is currently the modality of choice for evaluation of mediastinal lymphadenopathy. However, there is still uncertainty regarding the training methodology and the number of procedures required to attain proficiency in EBUS. Herein, we performed a systematic review of studies selected from PubMed, EmBase and Scopus databases describing the training and assessment of proficiency during EBUS, specifically studies investigating various methods for training, its outcome and the number of procedures required to overcome the learning curve for EBUS. Twenty-seven (simulator-based learning (n = 8), tools for assessing competence in EBUS-TBNA (n = 5) and threshold numbers needed to attain proficiency in EBUS-TBNA (n = 16)) studies were identified. An EBUS simulator accurately stratified individuals based on the level of experience in performing EBUS. Training received on a simulator was comparable with traditional apprentice-based training. Importantly, skills acquired on a simulator could be transferred to realworld patients. The number needed to overcome the initial learning curve of EBUS varied from 10 to 100 in individual studies with a mean of 37-44 procedures. Tools such as EBUS-STAT (EBUS skill and task assessment tool) and EBUSAT (EBUS skill and assessment tool) were effective in evaluating the EBUS trainees. We conclude that an EBUS simulator or EBUS assessment tools can objectively assess the training of an EBUS trainee. Simulator-based training is a useful modality in EBUS training. The number of procedures needed to overcome the initial learning curve is about 40. Centres involved in EBUS training could incorporate simulator-based training in their curriculum before allowing operators to perform EBUS on patients.
INTRODUCTION
Endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA), a minimally invasive daycare procedure, is currently the preferred method for sampling mediastinal lymph nodes. It is the method of choice for the staging of lung cancer, 1, 2 and is a useful modality in the assessment of other mediastinal disorders including sarcoidosis, tuberculosis or metastases from extrathoracic malignancies. [3] [4] [5] [6] [7] Owing to these advantages, there is not only an urgent need but also a great demand for respiratory physicians and thoracic surgeons to be trained in this technique. The quality and safety of any specialized procedure including EBUS depends on the skills and experience of the operator, which in turn depends on the quality of their training. Not only the diagnostic yield of EBUS improves with practice, but also the frequency of complications is lower with operator experience. 8 Every new technique comes with an inherent learning curve, and a trainee is generally considered competent based on an arbitrary number of procedures performed or on subjective impressions of their trainer.
Two previous guidelines on training requirements for EBUS-TBNA recommend at least 40-50 procedures for initial acquisition of proficiency 9, 10 ; however, these recommendations are primarily based on expert opinion. 11, 12 In addition, due to concerns regarding patient safety, traditional 'see one, do one, teach one' model wherein trainees learn by directly performing the procedure on patients, under the supervision of a preceptor, may not always be feasible. Emerging evidence suggests that simulation-based training may overcome the initial, steep portion of the learning curve of EBUS, 13, 14 but it is uncertain if addition of simulatorbased training to standard training compared with a standard curriculum alone would shorten the learning time for EBUS. Whether the skill set of an interventionist can be better assessed by an objective scoring tool versus traditional clinical assessment is also not clear. Furthermore, the number of procedures that one needs to perform to attain at least 80% efficiency remains to be determined.
To address these issues, a systematic review of the literature was performed for studies describing simulator-based training, competence assessment tools and the number of procedures required to attain proficiency during EBUS-TBNA.
METHODS
This review was conducted in accordance with guidelines for Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. 15 Ethics committee approval was not required as this was a systematic review of published data.
Search strategy
We searched the PubMed, EmBase and Scopus databases (till 29 March 2017) using the following free text terms: (ebus OR eus OR endosono* OR 'endobronchial ultrasound' OR 'endoscopic ultrasound' OR 'ebus-tbna' OR 'eus-fna') AND ('learning curve' OR 'training' OR 'proficiency' OR 'skill' OR 'competence'). We reviewed the reference list of all the included articles and previous review articles. In addition, we browsed through our personal files.
Inclusion criteria
We included studies meeting the following criteria: (i) studies that described the learning curve for EBUS training; (ii) studies that described the assessment of EBUS skills; and (iii) studies that described simulatorbased learning of the EBUS technique with or without apprentice-based training. We excluded the following type of studies: (i) abstracts, editorials and reviews; and (ii) studies published in languages other than English.
Initial review of studies
The electronic searches were assimilated in a reference manager package and duplicate citations were discarded. Two authors (I.S.S. and R.A.) screened these citations by review of the title and abstract to identify the relevant studies. Any disagreement was resolved by consensus between the authors. This database was then scrutinized again to include only primary articles. The full text of each of these studies was obtained and reviewed in detail.
Study selection and data abstraction
Two authors (I.S.S. and R.A.) independently extracted the data into a standard data extraction form. The following information was retrieved: (i) publication details (authors, year of publication and country where the study was conducted); (ii) study design (randomized controlled trial (RCT) or observational); (iii) number of patients and the participants; (iv) level of training of the participants; (v) type of simulator used; (vi) method of evaluation of EBUS skill; (vii) overall diagnostic accuracy; (viii) total procedure duration; (ix) number of EBUS procedures required to attain an accuracy of at least 80%; (x) suggested learning curve in individual studies; and (xi) the type of sedation or anaesthesia used. Any differences in the data extraction process were resolved by discussion.
Assessment of study quality
The quality of each included study was independently evaluated by two authors (I.S.S. and R.A.) using the QualSyst tool (Alberta Heritage Foundation for Medical Research (AHFMR), Alberta, Canada). 16 This instrument consists of 10 questions each with score ranging from 0 to 2 with the highest total score being 20. Each article was independently adjudged by two authors (I.S.S. and R.A.) for the stated criteria. Weighted Cohen's kappa (κ) coefficient was used to define the inter-observer agreement for selection of studies.
Data analysis
Data are presented in a descriptive manner. As the studies had significant heterogeneity and data varied between studies, it was decided a priori not to pool the study data.
RESULTS
The initial database search yielded a total of 1379 citations of which 27 studies were included in the current analysis (Fig. 1) . 8, 13, 14, Of the 27 studies, 8 studies described simulator-based learning, 13, 14, 21, 26, 28, 33, 35, 38 5 studies described tools for assessing competence in EBUS-TBNA 22, 25, 33, 36, 38 and 16 studies provided threshold numbers required for attaining competence in EBUS-TBNA. 8, [17] [18] [19] [20] 23, 24, 27, [29] [30] [31] [32] 34, 37, 39, 40 Two studies provided details of both simulator-based training and tool for assessing competence. 33, 38 Studies describing simulator-based training Eight studies (six observational and two randomized trials) described the role of simulator-based learning for the accomplishment of EBUS skills (Tables 1 and S1 (Supplementary Information)). 13, 14, 21, 26, 28, 33, 35, 38 Six of the eight studies were conducted at the same centre.
The study participants (n = 112) were fellows in pulmonary medicine and thoracic surgery with different levels of bronchoscopic skills (ranging from more than 25 to more than 100 flexible bronchoscopy procedures) and EBUS (ranging from EBUS naïve to more than 200 EBUS procedures). The study participants in most of the studies received half to 1 day of formal training (didactic lectures and 30-min hands-on training on an EBUS simulator). During the introductory simulator procedure, baseline information such as total procedure time, time to intubation, successful lymph node aspiration and others were recorded.
After receiving further training (simulatorbased, 14, 28, 33 1-month elective apprentice-based training 13, 14, 33 or animal-based training 26 ), the skills of the participants were assessed by measuring performance metrics on the EBUS simulator; in two studies, the skills were assessed during EBUS conducted on patients. 13, 33 There was no difference in the measured outcomes (procedure time, percentage of correct identification of lymph nodes and the time to intubation) between the simulator-based training group and the comparator arm (Table 1) . However, the simulatorbased trained group had higher chances of successful lymph node biopsies when compared with the nonsimulator-based trained individuals. In one study that compared simulator-based versus apprentice-based training, simulator-based training fared significantly better on an EBUS skill and assessment tool (EBUSAT). 33 The EBUSAT is a 12-item tool in which each item is rated on a scale from one to five. Six items are designed to assess the knowledge of mediastinal anatomy by asking the operators to identify six anatomic landmarks (lymph node stations 4R, 4L, 7, 10L or 11L, 10R or 11R and azygos vein). Four items are related to the technical skills necessary to handle the scope and perform TBNA (insertion of the endoscope, positioning of the transducer, use of sheath and use of needle). 33 Two items allow assessors to give their overall opinion on anatomic orientation and biopsy sampling.
Studies describing competence assessment tools
Four studies have used assessment tools to evaluate the competence in performing EBUS (Table 2) . 22, 33, 36, 38 In one study, participants were assessed by an EBUS skill and task assessment tool (EBUS-STAT). 22 EBUS-STAT is a bedside tool that objectively scores the operator's skills including atraumatic airway introduction, identification of mediastinal structures and sampling of mediastinal lymph nodes. 22 It comprises of 10 items, items 1-7 assess the technical skill and items 8-10 use a 25-image pattern recognition, anatomic orientation and correlation. 22 Twenty-four participants were stratified into three categories based on the level of EBUS experience (group I, <20 EBUS procedures; group II, 20-50 EBUS procedures; group III, >50 EBUS procedures) and were assessed separately by two examiners. The EBUS-STAT could reliably and objectively differentiate operators based on their experience. 22 In another study, 15 participants were evaluated, where they underwent 4 h of lectures and 3 h of hands-on training on a simulator. 38 There was a significant improvement in the EBUS-STAT before and after training. In another study, participants with different level of EBUS skills (medical students, respiratory physicians and endosonographers) could be reliably stratified based on their expertise in EBUS by a set of 46 multiple choice questions. 36 
Studies describing other learning methods
In one study comprising of 11 participants with no prior EBUS experience, participants were trained using a five-step learning protocol. 25 The participants could achieve a diagnostic rate of above 90% after 12 procedures. 25 
Studies describing the learning curve
Fifteen studies have described the learning curves for 43 operators performing EBUS (Table 3) . 8, [17] [18] [19] [20] 23, 24, 27, [29] [30] [31] [32] 34, 37, 40 Ten studies provided the number needed to gain proficiency based on the cumulative sensitivity over a period. 8, 17, 18, 23, 24, 29, 32, 34, 37, 40 Most of the studies were retrospective and were single centre. The information about the operators was available in 13 studies and comprised thoracic surgeons and respiratory physicians. The number needed to overcome the learning curve in studies comprising of thoracic surgeons ranged between 6 and 22 while in studies comprising primarily respiratory physicians, it ranged between 13 and 100 procedures. For an overall accuracy of at least 80%, the number of procedures needed to attain proficiency in EBUS ranged between 10 and 529 procedures with a mean (SD) of 91.2 (166.9). One study had a long learning curve (529 procedures) 40 ; after removing this study, the mean number of procedures to overcome the learning curve was 36.5 (32) .
Six studies used cumulative sum (CUSUM) analysis to provide the number of procedures needed to overcome the learning curve. 19, 20, 27, 30, 31, 39 The CUSUM analysis is based on sequentially monitoring cumulative performance over a period. It works with a constant risk of failure for each case and thus identifies a change in the performance (improvement or worsening) of a test over a period. The CUSUM analysis can be used as a self-monitoring tool or a tool for audit of a unit or an institute over a period. The numbers needed to gain competence using the CUSUM analysis ranged between 10 and 100 with a mean (SD) of 43.5 (28.8) .
Quality of studies included
The studies were generally of average quality (Table S2 , Supplementary Information) with the median (interquartile range (IQR)) score being 10 (0). The interobserver agreement for scoring of study quality was good (weighted Cohen's κ = 0.94).
DISCUSSION
The results of this systematic review suggest that simulator-based training can perform as well as the traditional training methods. Also, the review found that the number needed to overcome the initial learning curve for EBUS is highly variable. However, it is likely that to achieve an accuracy of at least 80%, about 37-44 procedures are required. Finally, computer simulator and assessment tools such as EBUS-STAT and EBUSAT can objectively evaluate the outcome of EBUS training.
There are several methods of learning interventional procedures including the apprenticeship system, training on live animal models or isolated organs from animals, inanimate dummies and computer-based simulation. The classic modality of training physicians in procedures has been the apprenticeship-based method. However, there are several limitations of this approach; not only there is significant variability depending on the trainer, but also this process may lead to prolongation of procedures with increased sedation requirement and also entails a risk of damage to expensive equipment. Training on live animal models is expensive and not widely available. On the other hand, isolated organ models can be rapidly damaged, whereas inanimate mannequins do not offer sufficient 'realism' that could be readily transferred to patients. Simulator-based training is betwixt and between the traditional method and animate training, offering the advantages of both these approaches. Elsewhere, it has been shown that training on a computer-based simulator reduces the learning curve in performing upper gastrointestinal endoscopy and flexible bronchoscopy. 41, 42 In the current review, eight simulator-based studies were identified. The use of an EBUS simulator led to a rapid acquisition of EBUS skills, comparable (in some studies, even better) to that obtained with conventional training methods. Moreover, the skill acquired while training on EBUS simulator was transferable to clinical EBUS-TBNA performance. 13, 14, 26, 28, 33 Interestingly, it has been shown that simulator-based training imparted by respiratory technicians is as good as that given by an interventional pulmonologist. 28 This has tremendous implications for reducing the burden on a busy interventional pulmonologist. Apart from training, the simulator was also used to evaluate the training of operators in performing EBUS. 21 Whether simulator-based training would translate into actual performance of EBUS on real-world patients (the primary goal) remains unclear as only few studies have assessed this outcome. The skill of operators can also be assessed using assessment tools such as the EBUS-STAT and EBUSAT. 22, 33 The results of three studies using these assessment tools showed that these tools could reliably stratify the operators based on their skills. 22, 33, 38 The number of procedures required to overcome the initial learning curve, however, remains speculative. 11, 12 Although it is difficult to pool the results of different studies, at least a rough estimate can be made. According to this systematic review, one needs to perform about 37-44 procedures to attain an accuracy of at least 80% in lung cancer staging; this is close to the recommended 40-50 procedures by various guidelines. Individual centres can utilize CUSUM analysis to assess their performance over a period. This can ensure quality control at highvolume centres performing EBUS. 19, 20 What are the implications of this systematic review? The procedure of EBUS-TBNA not only requires apt knowledge of mediastinal anatomy, but also the procedural expertise of crossing the vocal cords atraumatically, visualizing different lymph node stations, interpretation of endosonographic findings and sampling the enlarged lymph nodes. 21, 22 Although individuals vary in their learning ability, training programmes should be able to objectively define the initial training modality (simulator-based vs apprentice-based), the assessment method for training and the number of procedures required to attain proficiency. 33, 43 In this context, it is important to distinguish between skill and competency. Skills are specific learned activities ranging widely in terms of complexity. Skill assessment tells us 'what' type of abilities a person has learnt such that he or she can perform a specific activity, for example EBUS. On the other hand, competency provides the information that translates EBUS skills into actual EBUS performance. Thus, skill is one of the facet of competency; competency includes other domains such as knowledge and abilities. The skill assessment tool should not measure the degree of excellence of an operator but should ensure accomplishment of the basic knowledge of EBUS procedure and the skill set that is necessary for safe and effective conduct of the procedure. In the current review, skill assessment and competency were evaluated using computed simulators and scoring tools (EBUS-STAT and EBUSAT). We believe that the simulator is best suited for skill impartment and assessment. On the other hand, EBUS-STAT and EBUSAT seem promising in the assessment of competence, although they have been validated only in single-centred studies. Whether the same scores can be used at others centres to assess competence with different patient subsets and protocol for performing EBUS (conscious sedation or general anaesthesia) remains to be seen. The results of our study suggest that simulator-based training of operators can potentially shorten the learning curve of EBUS and may be added to the training curriculum before operators perform EBUS on patients. Also, to overcome the learning curve, a trainee should perform at least 45 procedures under the supervision of an EBUS expert. In this regard, we agree with the three-step approach proposed by Konge et al. 33 Step one consists of learning the necessary anatomy and theory followed by simulation-based training (step two), and finally supervised practice on patients (step three). Importantly, EBUS-STAT or EBUSAT score should be used after each step before proceeding to the next. Although the studies included in the review do not address the issue of number needed to maintain competence in EBUS, we believe that training should be limited to the centres performing at least 150 EBUS-TBNA procedures every year.
Our systematic review has several limitations. Most studies on simulator-based training were performed at one centre. 13, 14, 21, 26, 28 Whether other centres can reproduce the similar results remains to be seen. Importantly, the effect of simulator-based learning has been evaluated on real-life patients in only a few studies. 13, 33 Also, only a small number of participants were included in the individual studies. For calculating the number of procedures needed to achieve competence in EBUS, we have provided an arithmetic mean. However, it is not technically correct to pool the results as the studies have given different learning curves for varying diagnostic accuracy. In fact, in one study, the number needed to attain competence was only 10 procedures. 18 Nevertheless, pooling of the results provides a rough estimate of attaining an accuracy of about 80% after 37-44 procedures.
In conclusion, simulator-based training seems promising both in training and assessment of the training outcome. Centres involved in training of EBUS could incorporate simulator-based training in their curriculum before allowing operators to perform EBUS on patients. Once trained on a simulator, the individuals should be supervised before they can perform EBUS independently. Finally, the competence of an EBUS trainee could be assessed objectively using EBUS assessment tools such as EBUS-STAT or EBUSAT.
